Cassava (Manihot esculenta Crantz.) is a storage root crop of importance in tropical 13 regions where periodic dry season and drought affect performance. Cassava genotypes 14 that differ in performance in ecosystems with various water regimes were subjected to 15 water stress during storage-root initiation and early development. Plants were grown in 16 50 kg pots in a screen house environment under well-watered and water stress for over a 17 120-day period. Water stress had a significant effect on most traits analyzed. However, 18 relative water content, partitioning index and non-structural carbohydrates were 19 unaffected. Tolerant genotypes had a higher partitioning index than susceptible genotypes 20 during water stress, associated with a larger number of storage roots initiated and larger 21 storage root biomass, while they were shorter and had less fibrous root biomass. Tolerant 22 lines were indistinguishable from susceptible lines in above ground biomass. These 23 2 findings suggest that early evaluation of storage root number, partitioning index, and 24 associated traits at an early stage of cassava storage-root development could be an 25 effective approach by which cassava genotypes are screened for favorable drought 26 tolerance response. 27
INTRODUCTION 29
Cassava (Manihot esculenta Crantz) is a storage root crop considered a staple food for 30 the rural areas of the tropics because of its inherent adaptation to marginal environments 31 making it an ideal food security and subsistence crop. In the majority of the tropics, it is 32 sown and harvested by smallholder farmers on marginal soils without artificial 33 amendments or controlled irrigation (Cock et al., 1985) . It is grown mainly for its starchy 34 tuberous roots and is a key staple food for countless farmers in the tropics (Best and 35
Henry, 1994). Cassava grows reasonably well in low fertility soils and under water 36 deprivation, making it an important staple crop on poverty-stricken marginal lands. 37
Nevertheless, though cassava can endure several months of water stress during its 38 seasonal developmental cycle, water stress still reduces its net biomass production greatly 39 indicated that stress can be particularly damaging the phase from 1 to 5 months after 44 planting, which encompasses stages of storage root initiation and early development. 45
Water deficit during at least 2 months of this period can reduce storage root yield from 32 46 to 60% (Connor and Cock, 1981 , Connor et al., 1981 , Porto et al., 1989 . 47
Crops with high and consistent yields and with tolerance to biotic and abiotic stresses 48 are needed. In this regard, selecting cassava for morphological, structural, biochemical, 49 and physiological traits that enhance yield and stress resistance has the potential for 50 raising agricultural productivity (Richards, 2000 , El-Sharkawy, 2005 . 51
It is known that drought episodes through current climate variability are a major 52 environmental factor that can limit productivity of crops worldwide. Soil water deficit 53
can be prolonged and chronic in regions with low water availability or random and 54 unpredictable due to changes in weather conditions during the period of plant growth. 55
Thus, understanding crop responses to drought are of great significance and also a 56 fundamental part of abiotic stress breeding schemes and sustainable agriculture (Reddy et 57 al., 2004) . 58
Abiotic stress resistance breeding has fostered many strategies for adaptation to 59 climate change such as, matching phenology to moisture availability using photoperiod-60 temperature response, increased use of genotypes with known escape and/or avoidance 61 mechanisms during predictable stress events at critical growth and reproductive crop 62 cycles, improved water use efficiency and a reemphasis on population breeding in the 63 form of evolutionary participatory plant breeding to offer a buffer against increasing 64 climate unpredictability (Ceccarelli et al., 2010) . Accordingly, improving drought 65 resistance and/or identifying novel drought resistant genotypes in previously known 66 stress resistant crops is an imperative in all plant breeding programs where climate 67 unpredictability is ever present. 68
Soil water content 165
Volumetric soil water content (θ, m 3 ×m -3 ) was measured in the first 0-5 cm (SM5) 166 and 20-25 cm (SM25) soil layers on each plant using a ThetaProbe Soil Moisture Sensor 167 (model ML2x; Delta-T Devices, UK). A set of three-pronged waveguide rods made of 168 stainless steel, 20 cm long and 3.0 mm in diameter, was inserted horizontally in each soil 169 layer and allowed to equilibrate. A total of two measurements per soil layer were taken 170 and averaged. 171
Yield components 173
At each sampling date, plant biomass and its components were measured including 174 aboveground biomass fresh and dry weight (AGB), storage root fresh and dry weight 175 (SR), fibrous root fresh and dry weight (FR), number of storage roots (#SR) and fresh 176 weight partitioning index (PI) invertase and amyloglucosidase to hydrolyze sucrose and starch to sugars, as described 197 by (Ober et al., 1991) and modified by (Setter et al., 2001) . 198
Prior to hormone analysis, leaf tissue was first separated into fractions based on 199 hydrophobicity using reverse phase C18 chromatography, as described by Setter and Parra 200 (2010) . Briefly, the method involves separation with C18 mini-columns (solid phase 201 extraction columns; model DSC-18 SPE-96, Supleco, Bellefonte, PA) in a 96-well 202 vacuum apparatus. Samples were loaded in 30% (v/v) methanol with 1% v/v acetic acid, 203
and ABA was eluted with 65% methanol with 1% acetic acid. Abscisic acid (ABA) 204 levels were determined using an enzyme-linked immunosorbant assay (ELISA) as 205 described by Setter et al. (2001) . 206
207

Relative Water Content (RWC) 208
RWC expresses the quantity of water in a tissue relative to the absolute quantity of 209 water which the plant would need to achieve complete saturation and is used to assess 210 leaf water status in water stress scenarios (Gonzalez and Gonzalez-Vilar, 2003) . 211
Measurements of RWC were performed between 1100 and 1400 hours on each of the 212 sampling dates. A composite sample of 3 leaf discs (diam. = 1.9 cm) was sampled from 213 three mature fully expanded leaves. Leaf RWC was determined with the following 214 equation (Barrs and Weatherley, 1962, Smart and Bingham, 1974) : 215
216
Leaf fresh weight (FW) was determined immediately after sampling, whereas turgid 217 weight (TW) was determined by soaking the composite leaf samples in distilled water in 218 test tubes for up to 12 hours at 20°C. After soaking, leaf samples were quickly and 219 carefully blotted dry with Kimwipe (Kimberly-Clark, Roswell, GA USA) tissue paper in 220 preparation for determining turgid weight. Dry weight (DW) was assessed after oven 221 drying leaf samples at 60°C for 48 hours. 222
223
Statistical Analysis 224
All data were subjected to analysis of variance (ANOVA), correlation, principal 225 components analysis (PCA) and cluster analyses, which was carried out using R (version 226 2.15, R Foundation for Statistical Computing, http://www.r-project.org/). The ANOVA 227 model contained the following factors: genotype (G), watering treatment (T), G x T 228
(SM25), L-ABA, S-GLC, S-TS, S-ABA, and R-TS indicating variable performance of 252 genotypes in both growing conditions (Table 3) . 253
254
Phenotypic correlations 255
To further understand the interrelationship of measured traits under WS conditions, a 256 phenotypic correlation matrix was constructed using data from Day 60 and presented in 257 Principal components analysis (PCA) for data under water stress at Day 60 was used 273 to provide a reduced dimension model that would indicate measured trait differences 274 13 among the 15 cassava genotypes under water stress. Traits that showed a significant 275 genotype effect were used as input variables for this analysis. 276
The first three principal components explained 79% of the observed variation under 277 stress (Table 5) 
ABA (high PC2). 291
The two-way cluster analysis generally confirmed the result of the PCA. For example, 292 under WS, genotypes were classified into two separate clusters (Fig. 2) . The first group 293 included genotypes (A, B, C, F, H, I, K, N, and O; in red), which had moderate to high 294 PC1 and PC2. The second group clustered genotypes (D, E, G, J, L, and M; in green), 295 which presented moderate PC1 and PC2 scores. Interestingly, genotypes A and K were 296 grouped in cluster 1 possibly on the basis of non-structural carbohydrates and not on SR 297 yield, PI of LR. 298
Regression analysis relationships and temporal dynamics 300
The relationship between several morpho-physiological traits and SR yield were 301 plotted to observe behavioral properties both under WS and WW conditions (Fig. 3) . The 302 linear regression of all genotypes' SR yields under WW and WS conditions are shown in 303 To determine the time frame over which the water deficit exerted effects, water status 315 and morphological growth measurements were made at 15-day intervals. For this 316 analysis, cluster 1 (C1; genotypes A, B, C, F, H, I, K, N, and O) and cluster 2 (C2; 317 genotypes D, E, G, J, L, and M) were used to represent temporal dynamics of morpho-318 physiological traits (Fig. 4) , and non-structural carbohydrates and abscisic acid (Fig. 5) . 319
Under stress, both C1 and C2 presented a gradual increment in plant height (PH) with 320 genotypes in C1 favoring a higher PH by Day 60 (Fig. 4A ). Despite depletion of soil 321 water, relative water content (RWC) of upper-canopy leaves remained indistinguishable 322 from well-watered controls throughout the experiment (Fig. 4B) . Nevertheless, growth 323 data indicated that the water stress treatments were exerting effects on plants as early as 324
Day 15. (Fig. 5A ). In stems, ABA concentration in C1 was higher than 342 C2 and tended to decline from Day 0 to Day 45. However, by Day 60, C2 showed higher 343 SABA when compared to C1. This phenomenon was associated with sampling young 344 green stems at early stages, and more woody and starch-filled specimens at later stages 345 (Fig. 5B) . In fibrous roots, water deficit increased ABA levels in both clusters by Day 15, 346 and remained high throughout the remainder of the experiment (Fig. 5C ). These data 347
indicate that the timing of water stress sustained growth inhibition and ABA 348 higher when compared to cluster 2. Starch was the predominant storage carbohydrate in 357 stems, so this difference represents considerably more storage carbohydrate in genotypes 358 grouped in cluster 1 than genotypes in cluster 2. In fibrous roots, root glucose (R-GLC) 359
and total sugars (R-TS) decreased under water stress starting by Day 15 and were 360 indistinguishable between both clusters. However, by Day 60, C1 presented an increase 361 in both root NSC when compared to C2 (Figs. 5F and 5I). Root starch (R-STR) presented 362 an overall increased tendency in both clusters by the end of the experiment (Fig. 5L) . Overall, water stress had a significant effect on most traits analyzed (Table 3) . 384
However, relative water content (RWC), partitioning index (PI) and root non-structural 385 carbohydrates were not affected. Leaf RWC under stress remained at values similar to 386 controls throughout the experiment in the full set of 15 diverse genotypes (Fig. 4B) . 387
Maintenance of RWC occurred while soil water content was depleted and leaf growth 388 was inhibited. This behavior is thought to be caused by decreased transpiration due to 389 leaf abscission and acute sensitivity of stomata to minor decreases in leaf water potential 390 (ΨW) during periods of water stress or low humidity and high transpiration demand (El-391 Sharkawy and Cock, 1984, Itani et al., 1999) . The current study supported cassava's 392 characterization as a drought avoider, in the sense that it downwardly adjusts its water 393 loss to avoid exposing its tissues to extremely low water status. 394
As discussed above, the target water stress episode was imposed at 2 MAP for 60 days 395 without re-watering (terminal stress) in order to study the effects of water deficit during 396 the time of active root bulking and growth. In cassava, partitioning index (PI) is the ratio 397 of storage root yield as a fraction of the total plant biomass measured at 4-5 months in 398 contrast to harvest index (HI) which is typically measured at 12 MAP. In our study, PI 399 under stress presented a proportional reduction both in storage root yield and 400 aboveground biomass when compared to well watered controls but statistically PI was 401 not affected by water stress and had similar values to the well-watered controls (Table 3 ; 402 Fig. 3E ). In addition, the correlation between SR yield and PI under stress was significant 403 (Table 4) . Overall, our results showed that genotypes with higher PI under well-watered 404 conditions also placed high under stress and suggests that an important component of 405 greater water stress resistant in cassava is a genotype's tendency for storage root 406 initiation and sustained PI and storage-root development during stress. 407
Under field conditions with prolonged water stress, some studies have observed that 408 while cassava produces less total biomass, it increases its partitioning index into storage contributing to the overall decrease in accumulation of aboveground biomass (Table 3 ; 423 Fig. 3B and Fig. 4E ). While cassava genotypes grouped in cluster 1 (C1) and cluster 2 424 (C2) was not discernibly different in LR temporal dynamics (Fig. 4E) , overall, there does 425 exist genotypic differences between individuals (Fig. 3B) . Specifically, genotypes that 426 scored high LR under stress and control conditions also scored high for SR yield under 427 both conditions. This is consistent with a study by Turyagyenda et al. performed by Alves and Setter (2000) , showed that cassava rapidly accumulated ABA 451 under stress and was completed reversed one day of with re-watering. Also, ABA 452 concentrations were differentially correlated with genotypes suggesting that genetic 453 variability could exist within contrasting cassava genotypes. Within our study, leaf ABA 454 varied greatly among genotypes evaluated both under water stress and control conditions 455 (Fig. 3C ). Yet, the best performing genotypes for SR yield under stress (cluster 1) 456 produced less L-ABA than genotypes in cluster 2 (Fig. 5A) . 457
Estimation of cassava's fibrous root system under contrasting environments is 458 difficult. However, it has been shown that although growth of fibrous lateral roots was 459 impaired by water stress, main root elongation to deeper regions was only modestly 460 decreased (Duque and Setter, 2013). In addition, other studies have shown ample 461 genotypic differences exist in fibrous root weight and length after 2 to 5 (WAPS) under 462 water deficit (CIAT, 1994 ) . 463
Taking these observations into account, individual selection or clustering of genotypes 464
(notably C1 and C2; Fig. 1 ) with high PC1 and high PC2 may result in genotypes with 465 superior drought resistance. Based on these two components and according to the 466 distribution of cassava genotypes on the biplot (Fig. 1 ), genotypes C, B, and H with high 467 PC1 and PC2 values may be suggested as superior genotypes under stress. Furthermore, 468 the widespread distribution of genotypes on the biplot (Fig. 1) , which was later confirmed 469 by the cluster analysis (Fig. 2) and growth in environments that often span long dry seasons, increase the likelihood that 504 reserve carbohydrate storage and remobilization is a valuable trait in this crop. 505
In order to ensure the efficient and effective use of cassava germplasm, its 506 characterization is essential. In the present study, 13 out of the 22 variables measured 507 under water stress contributed to the apparent variation among the cassava genotypes 508 examined ( Table 3 ). The greater part of the variation was accounted for SR yield, yield 509 components and stem NSC. Although the cluster analysis grouped genotypes with greater 510 morphological similarities under stress, the clusters did not necessarily include 511 germplasm from the same origin or biological status (Table 1) The results from our work also indicate that phenotypic assessment of SR yield 518 stability under water stress and control conditions, an important breeding objective, can 519 be effectively determined by PCA of selected morpho-physiological traits. Cassava 520 genotypes grouped in cluster 1 may be combined with breeding lines exhibiting high 521 yield potential under well-watered conditions. However, a thorough genotypic analysis in 522 combination with physiological studies is prerequisite to establish whether these 523 genotypes are comparable (i.e. deploy the same resistance mechanisms). Provided, 524 different mechanisms are identified, there is potential for recombining these for further 525
improvement. 526
In summary, the current study identified several attributes that sustain storage root 527 status quo under water stress and potential genotypic differences between genotypes 528 examined. Cluster 1 and 2 genotypes differed in reserve carbohydrate accumulation: 529 cluster 1 had higher starch levels in leaves and stems during stress, while fibrous roots 530 had higher total sugars towards the end of the experiment. These findings could be due to 531 organ-specific events related to development and carbohydrate remobilization, and 532 deserve further study to relate them to underlying processes and the genes responsible for 533 the effect. Consistent with cassava's characteristic water stress avoidance, the current 534 studies showed that RWC remains high despite terminal water deficit and leaf retention 535 data indicated that genotypes with less leaf abscission presented higher storage root yield 536 under stress. In addition, organ-specific ABA temporal dynamics showed that genotypes 537 with less leaf ABA accumulation displayed sustained NSC synthesis and storage root 538 yield. This stomatal response was apparently due to genotypes having a high degree of 539 stomatal sensitivity, as leaves of cluster 1 genotypes accumulated a less leaf ABA than 540 genotypes in cluster 2 by the end of the experiment. 541
Our results indicated that even though there was a penalty in early storage root yield 542 under stress, several genotypes placed high both under water stressed and control 543
conditions. In addition, genotypes that differed significantly for storage root yield and 544 morpho-physiological traits both under stress and control conditions indicate 545 considerable genetic variation within the germplasm evaluated. This suggests that a high 546 storage root potential under optimum conditions could result in improved storage root 547 yield under water stress conditions. Thus, the use of early SR yields, as an indirect 548 selection criterion for a drought-prone environment based on optimum conditions could 549 be efficient. 550
Following this train of thought and of particular importance for yield improvement in 551 stress environments, the current work showed that several genotypes had a higher storage 552 root partitioning index than others during the stress. This result was associated with 553 genotypes having a consistently larger number of storage roots initiated during stress and 554 larger storage root biomass, while plants were shorter and had less fibrous root biomass. 555
Correspondingly, several genotypes presented higher aboveground biomass from other 556 under stress. Thus, the observed genotypic differences in storage root partitioning index, 557 which were measured at an early stage of development and which were associated with 558 performance under stress, suggest that early evaluation of storage root biomass could be 559 an effective method by which cassava genotypes are screened for favorable drought 560 resistance response. 561
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